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The probl_ of noise radiation from helicopter rotors has
gained prominence due to its annoyance to the public and detect-
abill_. Althoughthe rotor is one of the several noise generating
sourcesof helicopters,it is the most importantin the external
regionsof the presentmchines. Clearly,the reliablepredictionof
this noise inthe designstage of the rotor is an importantstep in
controllingthe levelof the noise intensi_. There has been a
steadyadvancein the last decade in the predictionof rotor noise

(ref.I). There are still disagreementsbetweenthe theoreticalandexperimentalresultsof rotor acoustics. In additionto this short-
, coming,the availabletheoriessufferfrom a combinationof the

j followingrestrictions:
a. Compactnessof the acoustic sources
b. Hovering h_licopter
c. Observer in the far field
d. Limited airfoil shapes
e. Limit_ surfacepressuredistributionmodels
f. Singularitiesin the solutionfor high rotor tip spe_s

;. g. Neglect of the thickness noise
It is believed that the removal of these restrictions and the
inclusion of the nonlinear propagation effects should result in
reliable prediction of the rotor noise. •...... .

!

Tradltlonally,_tor noise has been dividedinto several " ':"i
care ories such as rotational, vortex and thickness noise. These Jg *4
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pressureand viscousstressdistributionon _he rotor bla_esand those
due to t_e normal velocitydistributionon the blades. For examble,
rotationalnoise belongsto the first class and thicknessnoise to
the second. A theorywhich incorporatesthe effe:tsof sub-face
pressureand normal velocitydistributionon a movingbody is
Oevelopedin reference2. The formulationis then specializedfor
propellersand helicopterrotors. In this work a _tudy of con,pactness
assumptionof sourceson moving bodius has revealedthat in the case
of helicopterrotorsand propellers,the sourceson the bldO_scannot
be consideredcompactfor the observerpositionin a large regionof
space aroundthe rotor. If the compactnessrestrictionis removed,
then one would like to removethe restrictionsof limitedairfoil
shapesand surfacepressuredistributionmodels to i©rove the
predictiontechnique.

The presentpaper discussesa new computerprogramdeveloped
b.vthe authorsat NASA LangleyResearchCenter basedon the results
of reference2. The purposeof developingthis programhas been to
removethe restrictionsof the alreadyexist(ngtheoriesand thus
achievea new capabilityin the predictionof the rotorand propeller
noise. The acousticcomputationis perfoi_nedin the time Oomainand
the resultingpressuresignatureis then )_urieranalyzedto get the
acousticpressurespectrum.

Examplesare presentedin this paper to demonstratethe
capabilitiesof this new program. These examplesare selectedmainly
with regardto the restrictionsdiscussedearlierwhich are removed
by the new formulation.

THE ACOUSTICFORMULATION

The formulationderivedin reference2 is brieflydiscussed
here. Considera moving body whose surfaceis describedby
f(_, _) = 0 where T is the sourcetime. Let Vn be th! local
normal velocityof the surface,the acousticpressure p (x, t) is
given by

) _ ./_r %CVn + p cos er sin 0

+ c p cot e dr d_ (I)
rE
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i _here

, t: observerpositionand time

c: spee_ of sound in undisturbeOmediur

, : aensltyof the undisturbedmediun

r: ; - _ , _ sourcelocationon the body

.: the angle betweenradiatior,direction

F - ; - _ and the outwardnormalto the body

p: (underthe integral)the surfacepressureon the body

:: the curve of the intersectionof the collapsingsphere

g = - - t + r/c - 0 and the body f G, _) " 0

::, _:: the ti_s when the sphere g = 0 entersand leaves

the body, respectively

For applicationto rotorsand propellers,the above eguationwill be
rewrittenin the for_ given below. Let a new frame -" be fixed to
each blade such that r.__F-planecontainsthe rotor disk and
,,:-axisis along the span of tha blade. Let -,C= T ('mT,r,_) and
-: = h (,_,r,_} be the equationsof the thicknessdistributionand
cambersurface,respectively. The componentsof unit radiation
vector (_ - ))/r and the vehiclevelocity V in this rotating
frame will be denotedby (PT,P_, @_) and (V:)V_, V;),
respective.y.Equation(I) can be writtenas follows(ref.2):

@
p (_, t) - _ [I_ + I: + I_] + I_ + Ir (3)

The expressionsfur I_ to Is are

II - rD d£ dz (4)
r(Op)

"_ _"_r Ap cos eh
I.,; - rO dr d_ (5)

1 (Dp)

+
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].,. ;!:_. ............... d; a. (6)
&, rD

:_ rCOF,)

; z: - ...... _ dr d-. (7)rD
= :_ .(Dp)

4" •

f-f °-<',","=|s = - ;. d:' d: (8)

z :(Dp) r O

The symbols used in the above expressions have the following
neaning:

Dp: disk plane

_T _T

i- _'_' _''_' respectively
[

j V;. -V_ + n_:.

_: -v_- n;:

_: rotorangularvelocity
* _ 1/2

D: [I - r; + TI (1 - rZ )]

_p: local pressure differential producing the lift
P distribution

_ pressure distribution on the blade due to the
PT: thickness distributionalone

|'W

_! 8h: the angle between the upward normal to the camber

surface and the radiation direction

i Note that in equations (4) to (8), the integrations are carried out
once along the arc of intersection of the collapsing sphere g - 0
and the projection of the blade planfoPms in the disk plane.
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Equation_I4) tn (6)are evaluatedorba co_Duterusing a
aoublenumerlcalintegrationfollowedby numericalsmoothingand
differentlationwhere required. Each of the five terms are integrated
separately. The first three are subsequentlydifferentiatedand the
resultingfive pressurecontributionsare added to obtain the pressure
s1,_r,ature dnd spectrun.

At source s = _i a sphere is constructedwlth its centerat
the observer1ocatlon. Its radius Ri is selectedsuch that Its
circleof intersection,C', in the plane of the rotor is tangentto
the rotordisk. From this inltialgeometrythe initialobserver

time, tl, is calculatedfrom ti = _Is+ Ri/c where c is tne speedof sound in the medium. Tne sphere allowedto collapseby an
amount c_:, wnere- is the e_Isslonor sourcetime. Durlngthis
period,the helicopterrotor is allowedto translateand rotate.
Tne resultingarc of intersectionbetweenthe rotor disk and the
new C° is swept point by point in a counterc|ockwise direction
untll an intersectionwltn a bla_e surfaceis detectedor until the
arc passesout of tne rotor disk. When a blade is encountered,the

: integrandsof equations(4) to (6) are evaluatedand subsequently
i the line integrals are accumulated point by point using a trapezoidali scheme.

The collapsing process of the sphere g = 0 is repeated,

i eaclltime yieldinga value for the line integralswhich are accumulat-
ed for the sourcetime integrationusing simpsonrule. This process
is continued until it is Oetected that the collapsing sphere has
passed out of the rotordisk. The integration is thus concluded
for the observertime ti and the resultingintegralsare saved for
furtherprocessing. Successivepointsare obtainedin 1_kemanner.

To facilitatenumericalsmoothingand differentiationwith
respectto the observertime t, it is requiredthat the ti's be

,q equally spaced. Since the relatton between the observer time tand the sourcetime : is in generalnonlinear,an iteration techni-
que is used to obtain the initial radius Ri and the corresponding
source time Tt where the sphere g = 0 begins to collapse. The
smoothing and numerical differentiation which is used are presented

'j in reference3. It is based on the theoryof finiteFourierseries

' ! using sigma factors to improve convergence characteristics and to

reduce Gibbs phenomenon. As a byproduct of this, the pressure
spectrum of the acoustic signature is obtained quite easily using
intermediate results of the smoothing and differentiation process.
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Tne followinqexamp]esare selectedwith realisticdata to
demonstratethe uniquefeaturesof the developedproqran. Rectangu]ar
blade planfor_, is used in all examples. This is one of the ItmitattofJs
of the presentprogra_whlcn will be removedin future.

In the first two examples,the two-bladedrotorsyste_ is 4.5_ m
in diameterand has a c_ord of 0.356m. For the first example,the
blade has an NACA four-digitairfoilsectionof 12 percentthickness
ratlo. The tip speed is 151,3m/sac. The pressuredistribution Lp
correspondingto this tip speed was measuredby Rabbott(ref.4) for
variousanglesof attack. The angle of attackhere is 8.S_. The
cnordwisepressuredistributionhas a maximumat leadingedge and the
spanwiseloading_as the familiarvariationof increasingtowardstip
and reachinga maximumat about go percentof the radius. For this
example,a functionof two variablesapproximatingthe pressure
distributionin the outer 40 percentof the radiuswas firstobtained
and ,as used as an inputto the program. The pressure p- due to
tne symmetricthicknessdistributionwas also obtainedanalytlcally
using the data g_ven in reference5 and correctedfor compressibility
effectby _randt1-G1auretrule. The observeris 10 m from the center
of the rotationand 45¢ above the rotor p_,ne. The theoreticalpres-
sure signatureand the pressurespectrum_ e presentedin FigureI.
Tne shape of the pressuresignatureis consideraL1yinfluencedby the
thicknessnoise even for Such a high observerelevation. This was

i_ found to be true for blades with blunt leading edge. In this and all

tne examplesworkedout so far, the contributionof the expression
t _--_I_(see eq. (6)), was found to be of the order of 10 percent of

t the thickness i "e due to BI._..Ez.This is expected on theoretical
@t

basis. The contributions of expressions I_ and Is are very small
compared to the other terms except very close to the blades.

The second example has rotor tip speed of 259 m/sac (Tip Mach
number = 0.75). To utiltze the measured data of reference 4, a
similarity rule is applted to the blades of the first example. To
obtain the same pressure coefficien, Cp as tn the above case, the
thickness ratio varies a|ong span by the following rule (ref. 6).

thickness ratio O.12
m

- M2 - M2

where M2 - _2r/c and Ml " _ir/c where _l and _: are the
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angular_loctties of the rotors of the first ar,d second example,
respectively, and r i_ the spanwi,.e distance icon; the rotor center.
The angle of attack _ in this exa;npie also varies along the span
as follows'

e

e.5

- H:: %/1 - Hz;

where _ ts in degrees. Again PT from reference S was corrected
for compressibility effect. The oUserver ts 10 m from the rotor center
and tn the rotor plane. Figure 2 pre,,ents the pressure stgp3wre and
the spectrum. The signature ts again considerably Influenced by the
thickness noise.

The above two examples demonstrate the use of realistic pressure
distributions, airfoils with blunt leading edge, and blade twist.

The third and fourth example_ demonstrate that there ts no
limitation on tip Hach numbers. In these examples a two-bladed
rotor of lO-meter diameter and a chord of 0.4 mts used. The blade
length is 1 m and a biconvex wedg_ atrfoil section of 6 percent
thickness ratio ts used. The angle of attack is 2.5 °. The tip Hach
number is 1.375. Ltneartzed two-dimensional aerodynamic theory was
used to calculate and PT which vary with span,tse location.
Figure 3 giws the pressure signature and spectrum for the observer
50 m from rotor center and tn the rotor plane. Figure 4 pretents
pressure signa_.ure and spectrum for the observer 50 m from rotor
center but at 45' elevation above rotor plane. The changes tn the
signatures _.re strtktng but expected.

• The fifth ex_ple demonstrates the forward fltght capability of
the prograr,_. The helicopter speed is 59.2 m/sec (115 kts). The rotor
system ts that of HU-1Hwhich ts 14.64 m tn diameter and has a chord
of 0.53 m. The rotor rpm Is 3Z4. The observer Is 22.g m from rotor
center and E= below the rotor plane. Due to unavailability of
reltable surface pressure measurements, only the thickness noise ts
presented. However, tt was found earlier that at htgh ttp speeds
and tn or near the plane of rotation, thickness noise ts dominant
(ref. 7). This conclusion ts born out by comparing the calculated
pressure signature, figure 5, with the measured signature tn
reference 8. The peaks of the measured s_.gnature are higher in
magnitude but the deviation ts less than 2 db which ts considered
good agreement ,n acoustics. The exact effect of the Inclusion of

_- the expression Involving L_p,which ts belteved to be important next
to the thickness noise, cannot be determined at thts stage.

i
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Tit, &,rt..:.t,fltf.pel,.r C1< <* ,'' ,,.U .... (J., e r$(_i_ ttif, r.rv _ln_ _j GOl'_:,JtOr proQrdlI,

for rt,a]lr,'_lc calculi:lot: fat dcfau',_l¢ prt,',_,ur(, '-.1.nr,at_re dn(_Spwcl.run,
a_,roIcr ,in_.;,ru;,el|_rflfa_',¢.A_ .',_.Ov.triirILh_'C#_':PlC,"it, tt'J1$ |,apcr,
II.itliy O( tf,(' COrll',Cit: rl,striCtlmlb Of tir!,,l.,iv eJl_tirv: ti,(.orle'_ are
rU!'I.:IVI'CI,U_ifl(I tn{. hi, V, tlieorv which IT, coli'_,l(,tent w:th _1_ previous
t',vorle._. Or,1 t cl{.{f_,'p,lnl'_tic IJrl, f,(.ur_ flu_tu_tlOh; ma.v be u_ecl in

, tht- pru_rar at thi_ '.to.QUof dc,v{lc;pnJerlt. 7hI_ will lirit tile

a_:llca_ilityof tr,_.progran,to relativel.vnigh tiC,_peedsw._ereit
_ known tndt high frequencyunsteaC,y pressurefluctuatlon:do not
contributesignificantl)to the suuncllevel. There ace ver> fe_
_.lao_surfacepressuren_easuren_entsand _eliable_cousticaata avail-
a_.1eto test the theoryIn rut1. Sur,,ecomparisonwitr,e_.perirnen_al
n;easurementsha" beer,_-_venin reference7 (us}ngtheoretical
tr.icknessnoise). _urt.ner(compariSonwitr the measure¢acousticdata
of a hlgn-speeciPro_el]erby HubbardanC Lassiter.iref.9) using
li_itedaerodyna_,icda_a in the blaOe tip regionfor acoustic
calculatlu.,is, has ShOwngooclagreu.,_nt So far. Onv in,port_r,t cot,l.ri-
button of the new tneor_ _s believed to be tne removal of the
coFlpactne$'_assu_Dtlor, wf..Ch c_n introduce errors in acoustic compute-
tion_. The he,, capaLilitywill be used to study this effect..-"

i Alread.vit has been found tnat in most cases of _nterestc,_.only
I neat; to _:ee_the two expressions I: and l:, _lncl in somecases
,[ one of these two wil_ give a good estimate of tne _coustic pressure
i of tne rotor. More numericalexamplesand comparl_onwith

i I ex_erimen_l data are _lanned.
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Figure 1. Example1.- Theoretical acoustic pressure signature and
spectrum of a hovering helicopter rotor for an observer at 45°
elevation above rotor plane. Tip Machnumber• 0.44.
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Figure 3. Exa.mp_e3.- Theoretical acousttc pressure signature and "
spectrum-of'a ii_ertng h._ltcopter rotor for an observer tn the

+ plane of rotation. Tip Hach number= 1.315.
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Vtgure 4. Example4.- Theoretical acousttc pressure signature and

spectrum of a hovertng helicopter rotor for a observer at 45°
elevation above rotor plane. Ttp Nach number1.375.
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Figure 5. _.- Th,_oretical acoustic pressure signature
_tMcknessn_e_onl_) of a helicopter in forward fltght
(sg.2m/sec, 115 kts) for an observer 2° below the rotor plane.
Advancing tip _ch number= 0.90.

UNCLASSIFIED

I

.... . ...... . ......................... IIII I

"1977005121-TSB02


